We found that both benzyl isothiocyanate (ITC) and phenyl ITC inhibited respiration in the mitochondria in an electrophilic reaction-dependent manner. ITCinduced mitochondrial swelling and cytochrome c release were prevented by cyclosporin A, indicating that they are mediated through the ITC moiety-dependent reaction to critical thiol groups for the opening of membrane permeability transition-dependent pores.
A number of studies indicate that certain dietary chemicals isolated from food items protect against cancer. An important group of compounds that have this property are organosulfur compounds such as isothiocyanates (ITCs, Fig. 1A ). ITC compounds are agents that occur as glucosinolates in a variety of cruciferous vegetables. Naturally occurring ITCs are effective chemoprotective agents against chemical carcinogenesis in experimental animals. 1) Epidemiological studies also indicate a significant correlation between dietary intake of ITC-containing foods and reduced risk of onset of several cancers. 1) Numerous studies have demonstrated that ITC compounds inhibit cell growth by inducing apoptosis, which is suggested to be potentially involved in their anticarcinogenic action. We have recently found that one of the possibilities involved in the activation of a caspase-3 (-like) protease by benzyl ITC (BITC), isolated from papaya fruit as a phase II drug detoxification enzyme inducer, 2) is a mitochondrial death pathway 3) as well as a cell cycle arrest-dependent and MAP kinase-regulated mechanism.
4) It has also been reported that the total intracellular concentrations of ITCs correlated linearly with their biological potency and that cytosolic glutathione plays a negatively regulating role. 1, 5) It is, therefore, very likely that BITC reacts with certain intracellular target molecule(s) essential for BITC-triggered apoptosis. The recent data as mentioned above led us to the hypothesis that mitochondria might be one of the primary target organelles for BITC-induced apoptosis. 3) In the present study, we further studied the molecular mechanism of cell death elicited by ITC-related compounds using isolated mitochondria. We examined further the mitochondrial function alteration induced by ITC-related compounds and discussed the involvement of electrophilic covalent attachment to mitochondria. The present results provide additional evidence that the reactivity of the ITC group is essential to the release of cytochrome c, which is mainly attributable to cell death-inducing signal transduction.
BITC and phenyl ITC (PITC) were obtained from Nacalai Tesque, (Kyoto, Japan). ADP and cytochrome c were purchased from Sigma Chemicals (St. Louis, MO, U.S.A.). All other chemicals were obtained from Wako Pure Chemical Industries (Osaka, Japan). The methylthiocarbamate analog of BITC (BITC-OMe) was prepared by the method reported previously. 6) Protein concentration was measured using the BCA protein assay reagent from Pierce (Rochford, IL, U.S.A.).
Rat liver mitochondria were prepared by the method of Schneider.
7) Submitochondrial particles (SMPs) were prepared from rat liver mitochondria according to the procedure of Ruzicka and Crane. 8) Respiration of mitochondria was measured using a Galvani-type oxygen electrode (Iijima Electronic, Gamagori, Japan). The reaction was initiated after saturating O 2 in the reaction medium at 30 C, and was carried out at the same temperature. State 3 respiration (ADP-driven respiration), state 4 respiration (respiration without ADP), the y To whom correspondence should be addressed. Tel/Fax: +81-86-251-8300; E-mail: yossan@cc.okayama-u.ac.jp Abbreviations: ANT, adenine nucleotide translocase; BITC, benzyl ITC; BITC-OMe, O-methyl benzylthiocarbamate; CsA, cyclosporin A; GSH, glutathione; ITCs, isothiocyanates; MPT, membrane permeability transition; PITC, phenyl ITC; PTP, permeability transition pore; ROS, reactive oxygen species; SMPs, submitochondrial particles; SOD, superoxide dismutase RC index (the ratio of state 3 to state 4 respiration), and the P/O ratio (the ratio of added ADP to the amount of oxygen consumed during state 3 respiration) were calculated from an oxygraph, as previously reported.
3)
The inhibitory effect of BITC on state 3 respiration was expressed by the ratio of differences in the oxygen consumption rate of BITC-treated mitocondria and that of a control; inhibition (%) = [(control) À (BITC)]/ (control) Â 100. Mitochondrial swelling and cytochrome c were measured photometrically, as previously reported.
3) Quantitation of GSH was done fluorometrically, as previously reported.
6) Specific differences among treatments were examined using Student's t-test (two sided) assuming unequal variance. The effect of ITC-related compounds on oxidative phosphorylation in the isolated liver mitochondria was studied using an oxygen electrode. The experiments were carried out in standard medium containing 0.15 M KCl, 5 mM MgCl 2 , 0.5 mM EGTA, 20 mM of Tris-HCl buffer (pH 7.4), and 5 mM inorganic phosphate, each substrate at 5 mM, and liver mitochondria (0.5 mg protein/ml). State 3 respiration was initiated by the addition of 100 mM ADP. Freshly prepared mitochondria showed tightly coupled respiration, displaying a high . C, Inhibitory effect of BITC, PITC, and BITC-OMe on ADP-derived state 3 respiration. Mitochondria were incubated with substrates for 5 min with the test compounds (150 mM), followed by the addition of ADP to induce state 3 respiration. Glutamate and succinate were used as complex I and complex II substrates respectively. The inhibitory effect was expressed as the ratio of differences in the oxygen consumption rate of BITC-treated mitochondria and that of a control: inhibition (%) = [(control) À (BITC)]/(control) Â 100. Significance is expressed as a, versus BITC, P < 0:05; b, versus PITC, P < 0:05 (n ¼ 3). D, BITC inhibited ADP-derived, complex I-linked state 3 respiration in an incubation time-dependent manner. a, Representative oxygraph of complex I-linked respiration of mitochondria. b and c, Mitochondria were incubated with substrates with 170 mM BITC for 2 min (b) or 10 min (c), followed by the addition of ADP to induce state 3 respiration. Glutamate was used as a complex I substrate. The RC index was determined as described in the text.
RC index and P/O ratio (RC index: 7$8, P/O ratio: about 5). To gain further evidence for the responsibility of its reactivity, the inhibitory effect of structurally related derivatives of BITC on mitochondrial functions was examined. The electrophilicity of the BITC-related compounds (Fig. 1A) was further compared by in vitro GSH-consuming ability. BITC and PITC reacted significantly with the reduced form of GSH, while BITCOMe did not (Fig. 1B) . The effects of BITC and PITC occurred in a dose-or time-dependent manner (data not shown). PITC is a unique analog which is inactive in assays using cultured cells possibly due to its much smaller cellular accumulation than those of other ITCs, 9) but shows electrophilic reactivity in vitro. Therefore, the present study compared the modifying effects of these compounds on mitochondrial functions. As shown in Fig. 1C , not only BITC but also PITC exhibited significant inhibition of complex I-linked mitochondrial respiration and no suppression against complex IIlinked mitochondrial respiration. On the other hand, BITC-OMe had no potential to inhibit either respiration systems. As the preincubation period of BITC with mitochondria was increased, stronger inhibitory effect on ADP-derived state 3 respiration was observed (Fig. 1D) . Taken together, the positive correlation between the inhibitory efficacy of BITC-related compounds and their ability to reduce the GSH level suggests that an electrophilic property, which is the driving force of redox alteration and protein sulfhydryl modification, is essential to ITC-induced respiratory inhibition.
The inhibitory patterns of BITC and PITC on mitochondrial respiration are shown in Fig. 2 . The RC index in complex I-kinked respiration decreased progressively according to the increase in their concentrations ( Fig. 2A) , but neither compound showed an A, Dose-dependent effect on the RC index. The RC index was determined as described in the text. B, Effect on the P/O ratio. The P/O ratio was calculated according to the method of Chance and Williams [21] . C, Effect on complex I-linked state 3 respiration in intact mitochondria. The inhibitory effect was expressed as the ratio of differences in the oxygen consumption rate, as mentioned above. D, Effect on respiration in SMPs. SMPs were prepared from rat liver mitochondria according to the procedure of Ruzicka and Crane [20] . Mitochondria or SMPs were incubated with substrates for 5 min with increasing doses of BITC or PITC, followed by the addition of ADP to induce state 3 respiration. Glutamate was used as a complex I substrate. All data are the means of three independent experiments, and the maximal standard deviation for the experiments was 5%. alteration in the P/O ratio at any concentration (Fig. 2B) . This implies that ITC-related compounds possess no uncoupling activity but have inhibitory activity against the respiratory chain or the energy transfer system in mitochondria. This was also supported by the finding that the inhibition of state 3 respiration by BITC was antagonized by dinitrophenol, a typical uncoupling agent, even though respiration inhibited beforehand by BITC was not released by dinitrophenol treatment (data not shown). Next, the effect of ITCrelated compounds on the oxygen uptake of SMPs was examined to detect direct interaction with the respiratory chains of mitochondria. The respiration of intact mitochondria was strongly inhibited (Fig. 2C) , whereas the respiration of SMPs, inside-out vesicles of mitochondrial inner membranes, was not significantly affected by the ITC treatment even at a concentration of 170 mM (Fig. 2D) . These results provide evidence that ITC-related compounds do not interact directly with the respiratory chain. Therefore, the potential remaining targets include Pi transport, substrate transport, adenine nucleotide translocation, or citric acid cycle enzymes.
Because the membrane transport of respiratory substrates is mainly mitochondrial membrane potential (ÁÉm)-dependent, we examined whether ITC-related compounds induced mitochondrial swelling. The reaction medium essentially contained 0.15 M KCl, 1 mM EGTA, 20 mM Tris-HCl, and 0.3 mg of mitochondrial protein in a final volume of 2 ml (pH 7.4), and the reaction was carried out in a glass cuvette mounted on a recording-spectrophotometer (Uvidec 610C, JASCO, Tokyo, Japan). The addition of BITC and PITC, but not BITC-OMe, to the mitochondrial suspension caused a rapid decrease in 520 nm visible absorption (Fig. 3A) , indicating the induction of mitochondrial swelling. Further, treatment with BITC and PITC (100 mM) showed an absorption peak at about 550 nm in the supernatant from mitochondria (data not shown), consistent with the known typical absorption peak of reduced cytochrome c.
10) The calculated quantities of cytochrome c induced by BITC and PITC were 106 nM and 62 nM, respectively (Fig. 3C) . On the other hand, inactive BITC-OMe did not induce mitochondrial swelling.
Cytochrome c release has been reported to precede the loss of mitochondrial membrane potential during apoptosis in some cell types. To investigate the relationship between membrane permeability transition (MPT) induction and cytochrome c release, the effect of cyclosporin A (CsA), the foremost immunosuppressive agent inhibiting MPT, on mitochondrial swelling and cytochrome c release was examined. Pretreatment with CsA (10 mM) for 10 min reduced BITC-induced cytochrome c release (Fig. 3D) , similarly to the inhibitory effect on BITC-induced mitochondrial swelling (Fig. 3B) . The effects of CsA on PITC-induced swelling and cytochrome c release were similar to the case of BITC (data not shown). These results suggest that ITC-induced cytochrome c release was largely dependent on MPT in the isolated mitochondria. On the contrary, CsA did not alter mitochondrial respiration (data not shown). Moreover, to investigate whether reactive oxygen species (ROS), including O 2 À and H 2 O 2 , produced by inhibition of electron transfer during mitochondrial respiration, are involved in mitochondrial swelling and cytochrome c release, we examined the effect of superoxide dismutase (SOD). Co-treatment of SOD (20 mg/ml) did not show any enhancing or inhibitory effect on either phenomenon (Fig. 3B, D) . These results suggest that O 2 À and H 2 O 2 , SOD-regulable ROS molecules, can be ruled out of the mechanism underlying ITC-induced MPT.
The MTP pore (PTP), a megachannel in the inner mitochondrial membrane, is opened by a variety of apoptotic inducers such as pro-oxidants and thiolreactive agents.
11) The opening of the mitochondrial PTP and the apoptotic process is inhibited by a diverse group of agents such as Bcl-2, Bcl-xL, bongkrekic acid, and CsA.
12) It is widely held that mitochondrial PTP is formed through an interaction of mitochondrial cyclophilin-D with adenine nucleotide translocase (ANT) in addition to the voltage-activated anion channel of the outer membrane. 13) Recent studies have revealed the role of critical thiol groups on the matrix surface of the ANT in the mechanism of the mitochondrial PTP, and have revealed that these thiols are sensitive to oxidizing and alkylating reagents. 14) For example, oxidative stress underlies the mechanism of Ca 2þ -induced PTP. 15) SOD is capable of inhibiting the Ca 2þ -induced modification of the thiol groups in ANT, 15) suggesting that ROS released outside the mitochondria might play an role in Ca 2þ -induced mitochondrial alteration. In this study, mitochondrial swelling was observed immediately after electrophilic ITC treatment (Fig. 3A) . Therefore, it is possible that ITCs opened the PTP by modifying the sensitive thiols present in the ANT. Also, ANT modification, leading to a disturbance of ADP import into the matrix, might participate in respiration inhibition by ITCs. Moreover, based on our findings of no SOD-dependent alterations in mitochondrial swelling and cytochrome c release, H 2 O 2 and O 2 À , whose production can be regulated by SOD, might not be involved in the mechanism underlying PTP opening. In any case, further studies on the ROS-dependent mechanism of the mitochondrial alteration induced by ITCs are necessary to support this observation.
Although transient opening of PTP induces apoptosis, extensive opening leads to necrotic cell death, since the loss of ATP can lead to major ionic disturbances and activation of degradation enzymes that compromise normal cell function. Higher concentrations of BITC (>50 mM) induces necrotic cell death 3) and exhaustion of ATP in cultured cells (Y. Nakamura, E. Watanabe, et al., manuscript in preparation). The present results imply that the modifying effect of BITC on mitochondrial function might contribute not only to its apoptosisinducing ability but also to its unfavorable side effects, observed under a high concentration condition.
In conclusion, the results of this study provide further evidence that ITCs directly modify mitochondrial functions through an electrophilic reaction to the mitochondrial targets, which leads to the release of cell death-related factors. Further studies on the threshold of ITCs to induce apoptosis or necrosis and identification of accurate target molecules of ITCs in mitochondria are necessary. A, Dose-dependent induction of mitochondrial swelling by BITC and PITC. Mitochondrial swelling was photometrically measured following the absorbance decrease at 520 nm induced by adding the test compounds (100 mM). B, CsA, but not SOD, counteracts BITC-induced mitochondrial swelling. þCsA: BITC (100 mM) þ CsA (10 mM, pretreatment for 10 min), þSOD: BITC þ SOD (20 mg/ml, co-treatment), C, Cytochrome c release into supernatant after 15 min incubation of mitochondria (0.3 mg/ml) with ITCs (100 mM). Cytochrome c reduced by sodium dithionite was detected by the typical absorption peak at around 550 nm. The final result was obtained by substracting the absorbance of a reference tube containing mitochondria without BITC stimulation. Significance is expressed as a, versus BITC, P < 0:05; b, versus PITC, P < 0:05 (n ¼ 3). D, Prevention of BITC-induced cytochrome c release by CsA. þCsA: BITC (100 mM) þ CsA (10 mM, pretreatment for 10 min), þSOD: BITC þ SOD (20 mg/ml, co-treatment). Significance is expressed as Ã , versus BITC, P < 0:05 (n ¼ 3).
